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The current status of the accepted glueball candidates is reviewed. The dif- 
ference between bare and dressed hadrons is emphasised. What two photon 
processes, both production and decay, have taught us about these is discussed. 



1 The Hadron Family 

Though the primary focus of this talk will be on glueballs, gluonic states belong to the 



family of hadrons and one cannot talk about them without recalling key features of the 
whole tribe. Our picture of the hadron world has not been static, but has evolved over 
time, in response to both theoretical and experimental developments. Indeed, how our 
view of glueballs has changed will be a key aspect of this talk. 

Historically, the hadron world became simple 30 years ago, when it was recognised 
that all the hadrons we knew were made out of quarks. As we all learnt at our mother's 
knee, the world of light hadrons can be understood in terms of just three flavours of 
quark : up, down and strange. This naturally leads to mesons being grouped in nonets 
for each allowed J PC quantum numbers. If we look at the nine lightest vector mesons, for 
example, we see that these are ideally mixed with the neutral members being states made 
of either non-strange or strange quarks. We infer this from the decays of the p, uo and <fi 
mesons: the heavier decaying overwhelmingly into KK. This picture works not only 
for vector mesons, but tensors too. There the /2(1520) is seen to decay strongly to KK 
and less than 1% of the time to nn, despite the much greater phase-space for the latter. 
This ideal picture can be tested, as is well-known, by studying their photon interactions 
— but that is for later. 

The simple quark model leads us to expect towers of such multiplets; so dense that we 
can only realistically separate out individual quantum numbers below 2 GeV in mass. All 
the multiplets we know of are close to ideally mixed — apart from the lightest pseudoscalar 
and scalar mesons : the pseudoscalars because they are the Goldstone bosons of chiral 
symmetry breaking and the scalars because of their role as the Higgs sector of this same 
symmetry breaking. 

Then 25 years ago along comes QCD. At first this simplifies matters by explaining that 
mesons made of qq and baryons of qqq are the simplest colour singlets, but it complicates 
life by requiring that glue is an integral part of any hadron. It is the gluonic cloud that 
turns a current quark with a mass of just a few MeV into a constituent quark of 300 MeV. 



So, while you and I are built of protons and neutrons and so contain many trillions of 
quarks, most of our mass is made of glue. Since glue is such an integral part of hadronic 
matter, may be we don't need a quark to seed a gluonic cloud, but perhaps gluons can 
self-seed and so produce constituent glue. With this in mind, QCD predicts that there 
should be other colour singlet states than qq and qqq : multiquark states of qqqq, etc, 
hybrids of qqg and glueballs of gg and ggg, etc. 

Let us first consider the multiquark states. Clearly they would belong to bigger mul- 
tiplets, 81's of light flavour. These were classified and their properties investigated in bag 
models [TJ , with the prediction that there should be whole towers of these too waiting to be 
uncovered. Indeed, there was the idea that, while meson interactions naturally produced 
qq mesons, baryon-antibaryon processes might readily form qqqq or baryonium states || . 
Indeed, twenty years ago, a number of candidates were found, which later experiments 
showed to be mere statistical fluctuations. Though mesons with unusually large couplings 
to baryon-antibaryon processes undoubtedly exist ||, our view has changed. Potential 
model calculations by Weinstein and Isgur [|J (and then by others |5|, §]) showed that four 
quark systems only bind in very particular situations. Firstly, the system must include an 
ss pair and arrange itself into K-K or K*-K configuration, so that only isospin and 1 
states should occur. Moreover, binding only takes place if they form ++ quantum num- 
bers. This leads us to expect a very small class of multiquark states all associated with 
kaonic channels — states with these characteristics exist. [As an aside, let me comment 
that why such non-relativistic notions should apply to light quark systems is not really 
clear to me, given that chiral dynamics is the primary determinant of low momentum 
pseudoscalar interactions, but perhaps that is just my problem.] 

Now let us turn to hybrids. You can think of such states as having q, q and g con- 
stituents. Or, as seems appropriate in Lund, you can think in terms of strings. Ordinary 
mesons are tied by a string ( a colour flux tube ) joining a quark and antiquark together. 
For excited hadrons, a stringy picture is clearly in order, but for the ground states the flux 
tube is fat and wide and less string-like. Nevertheless, you can imagine that the string 
rotates adding angular momentum to the system. It is these excitations that correspond 
to hybrids [|7| . Once again such states should come in towers, but towers for the most part 
with the same quantum numbers as ordinary qq mesons. It is then, only by completing 
the qq multiplets with given J PC , that we can hope to identify any extra states. However, 
in certain situations they have uniquely identifiable quantum numbers. 

Thanks to the development of high performance photon detection, one can study 
peripheral processes like n~p — > (TT°i])n, where both the tt° and rj are detected by their 
two photon decay. Now, if resonances are seen in the 7r°r) channel, then these must have 
even spins if they are qq states. GAMS pioneered such studies [|] and found that in the 
1400 MeV region there was a strong forward-backward asymmetry, indicating important 
contributions with odd spin. While GAMS were not able to show that this enhancement 
had the phase variation required of a resonance, the more recent BNL-E852 experiment 
has found just that |J. Such a state, with 1~ + quantum numbers, must be beyond the 
quark model. From its decay pattern, this p(1405) is more likely to be a qqg hybrid, than 
a qqqq state. Surely other hybrid states exist too flTOf . 

Now let us turn to glueballs. At first, these are states made of constituent glue, with 
no intrinsic quark content. Clearly, the world studied in experiments is one with quarks. 
However (quenched) lattice theorists live in a world without quarks — indeed they find 
it difficult to switch quarks on. Consequently, lattice gauge computations can teach us 
about a possible bare glueball spectrum. It has long been known that these show (i) that 
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Figure 1: Lattice results for the bare glueball spectrum in units of the string tension 
a and in MeV (from UKQCD 0). 



a bound state spectrum exists, (ii) that the lightest state is a scalar and (iii) the next is a 
tensor state about 1.5 times heavier. In the last five years or so, these calculations have 
become much more precise, see Fig. 1, with these lowest two states having rather precise 
values in terms of the string tension. Estimating this for the pure glue world from the 
spacing of the observed qq hadrons, masses for the lightest scalar state can be deduced. 
UKQCD fill quoted (1568 ± 89) MeV, while the IBM group presented their GF11 result 
of (1740 ± 71) MeV JT2J- Since, as we shall recall, there are experimental candidates at 
masses of 1500 MeV and 1710 MeV, each claimed support from these calculations, even 
though taking account of their error bars these almost overlap. There then followed an 
interesting computation by Morningstar and Peardon [^] , using an improved action that 
gave (1630±100) MeV. The GF11 group have then re-evaluated their results [14]] and found 
the scalar mass to be (1648 ± 58) MeV flT5| — down from 1740 MeV. Indeed, Weingarten 



calculated a lattice average of (1632±49) MeV [16]. To the individual calculational groups, 
these differences may appear significant, but to the onlooker the remarkable achievement 
is the consistency of these results summarised below! 



m (gg) 



(1568 ± 89) MeV 

(1740 ± 71) MeV 

(1630 ± 100) MeV 

(1648 ± 58) MeV 



UKQCD UJ 
GF11 
MP improved 
GF11 reanalysed P], p 



m 



2 The experimental case for glueballs 

How do we learn about glueball states? The folklore is that one's best chance is in so called 
glue-rich processes. The best known example is J / ip decay. There the cc quarks annihilate 
into gluons before creating lighter quark pairs to form the final state hadrons. In J/ip 
radiative decays, two gluons are the minimum number required by quantum numbers 



and these form the basis for the lightest scalar and tensor glueballs, Fig. 2. Other 
glue-rich reactions are double Pomeron processes. First let us consider pp annihilation, 
particularly at rest. There the idea is that the quarks in the initial proton and anti- 
proton annihilate completely, leaving only glue, and this subsequently produces light 
hadrons. The high efficiency of recent photon detectors has allowed all neutral final 
states to be extensively studied at LEAR using the Crystal Barrel detector [jn|. There 
once more 7r°'s and rfs are identified by their two photon decay modes. Studying pp — > 
(7r°7r )7T , (7r°?7)7r , (7777)71"°, (47r°)7r° channels, for example, the Crystal Barrel collaboration 
has enormous statistics allowing not only the known / 2 (1270), ci2(1320) to be clearly picked 
out, but to study in great detail the scalar states lying under these. These reveal [|l!| the 
/o(1500) with a width of (112±10) MeV, as one of the best established states in the PDG 
tables [19|]. One should, however, be aware that while some channels like 37r° have been 
analysed allowing for both S and P-wave annihilation at rest, others like 57r° have been 
treated with the restrictive assumption that only 1 Sq is all that matters. Nevertheless, the 
ability of Crystal Barrel to show consistency among a wide range of final state channels 
is impressive and the only way to do such spectroscopy. The /o(1500) has been clearly 
established by Crystal Barrel and confirmed in charged pion channels by Obelix |20| . 



Moreover, it may well be the same state as the (2(1590) found by GAMS ]2T| in the 7/7/ 
channel and the same as the scalar signal found by LASS under the /2(1525) in their 
KK -> KK data H 

Historically, J / if) radiative decay was the first to throw up serious glueball candidates. 
Initially Crystal Ball at SPEAR f23|, and later Mark III fH, not only saw the /a (1525) in 



both the K + K and K$Ks decay modes, but a large signal at 1710 MeV, known as the 
9. Preliminary analysis revealed this to be a tensor state and this was claimed to be 



a glueball — the lowest qq nonet being full and 1710 MeV being too light for the radial 



recurrences. Subsequent analysis suggested that the 6 signal was largely KK S- wave f25 |. 
A more measured appraisal led to the proposal that it was a mixture of J = and 2, 
and the state is now known as the /j(1710) ||19||. The same Mark III experiment also 



found a narrow spike, dubbed the £(2230), in KK channels |2(|. However, this was not 



confirmed by the DM2 data, that clearly showed the 6 [p7| . In the last couple of years the 
BEPC machine in China as yielded interesting results on J /if) decays. The BES detector 
has found [^HJ narrow spikes in the 2230 region, not only in the kaon channels, but in 
tttt and pp too. Though each individually has limited statistics, the fact that a narrow 
enhancement is seen in all these channels, at the same mass, increases their significance. 
If the 9 is a scalar, then the tensor glueball slot is freed. The £(2230) is claimed to fill this 
space pi, having a mass in agreement with lattice expectations, Fig. 1. 





Figure 2: Resonance formation in J /if) radiative decays in QCD perturbation theory. 



It is important to note that in J /if) radiative decays, ordinary qq states are also seen, 
like the /2(1270) in the tttt channel and the /2(1525) in the KK. So how do we tell whether 
a state is rich in glue, beyond it being extra to an established quark model multiplet? 
An interesting test has been proposed by Cakir and Farrar pD|, which has been applied 



to current phenomenology in collaboration with Close and Li [|3T|. As seen in Fig. 2, 
perturbatively we may think of a resonance R being either made of glue that binds and 
then subsequently decays by creating qq pairs, or the glue may first create a qq pair, 
which resonates, and then subsequently decays into ordinary hadrons. Now if the state 
R is glue-rich, it should be easy to produce, while if it is a quark state then the gluons 
have to produce a qq pair first. This latter process is perturbatively suppressed by a 2 s 
in rate — suppressed if the relevant momentum scale is set by the charmed quark mass. 
(Of course, the qq pairs that have to be created to allow decays into light hadrons are 
assumed, as usual, to cost nothing, since a strong strong interaction is needed.) Thus we 
would expect BR(i? — > gg) to be ~ 100% for a glueball and only ~ 10% for a quark state. 
By comparing the rate for J/ip — > jR to the inclusive decay rate, this gluonic branching 
ratio can be determined — if we buy the perturbative underpinnings. Using the latest 
PDG98 values |L9| for Jjijj decays, one can deduce, following Close et al. pl| , 



BR(/ 2 (1270) - gg) ~ (22 ± 4)% , 
BR(/£(1525) - gg) ~ (17 ±4)%, 

just as expected. 

Now let us apply the Cakir-Farrar test to the glueball candidates we've discussed: 



first, the /j(1710). The PDG98 tables || quote 

B R(J/V> - 1 f J - 1 KK) = (8.515$ 10- 



With the fj branching ratio to KK being between 50 and 100%, one finds [31 



0.15 < BR(/ 2 (1710) -> gg) < 0.3 if J = 2 , 
0.52 < BR(/ (1710) -> gg) < 1.0 if J = . 

Close et al. emphasise that this means that a scalar 1710 MeV state must be glue-rich. 
However, BES have something rather different to say. They are the first group to present 
a separate branching ratio for the J = 0, 2 parts of their fj signal. They have an /2(1696) 
and an /o(1780), each with a width of about 100 MeV f52]|. They then quote 



BR(J/ip -> 7/2 -> 7KK) = (2.5 ± 0.4) 10" 4 
BR( J/ip -»• 7/0 iKK) = (0.8±0.1)10" 4 . 

Since for the scalar, this branching ratio is only a tenth of the PDG98 average, Eq. (1), it 
would make their scalar have less than a 10% branching ratio to gg. Why the BES rates 



are so different from the results [19] summarised in Eq. (1) is a pressing problem. 

A similar inconsistency unfortunately applies to the /o(1500) and the Cakir-Farrar 
test. Firstly, the /o(1500) had not been identified in the experimental results on J/ip 
radiative decays. Indeed, Mark III originally found a sizeable 0~ wave in the 1.5 GeV mass 
region. Nevertheless, from the Crystal Barrel results we know the /o(1500) exists with a 



large Air decay mode. This prompted Bugg and collaborators together with Burnett [33] 



to go back and re-analyse the J/ip — > 7(47r) data from Mark III, building in the /o(1500) 
state. From this analysis they find 



BR(J/^ ^ 7/o(1500) ^ 7 4tt) = (5.7 ± 0.8) 10" 



Assuming the 4n decay mode of the /o(1500) is less than 50%, in keeping with the Crystal 
Barrel results, Close et al. find 

BR(/ (1500) -> gg) > 0.9 ± 0.2 , 

once again signalling a large gluonic component. However, BES give results for the 7r°7r° 
channel, from the fits to which one might infer (see Fig. 2 of |[34|| ): 

BR(J/^ -> 7/ (1500) -> 77T vr ) ~ (4 ± 2) 10~ 5 . 

With the 7T 7r° rate from the LEAR experiments |0| , one gets 

BR(/ (1500) -> ~ 0.4 ±0.2 

instead. Disappointingly, a factor of 2 in disagreement. To clear this up we need a good 
statistical sample of J/ip — > 7(27r) from BES or T — > 7(27r) from CLEO or a B-factory to 
analyse. If this is not possible, then a large 47T data-set might suffice. Particularly useful 
would be the 4ir° final state, because of its freedom from a pp contribution that dominates 



charged four pion channels in this mass range (as Close et al. |3T[ have stressed). 
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Figure 3: Central production of hadrons in pp — * ppX, by Pomeron and other Regge 
exchanges. 

Let us now turn to central production, Fig. 3. Recall that the dominant soft scattering 
mechanism at high energies in pp collisions can be pictured as : each proton is a collection 
of quarks surrounded by a cloud of gluons. As they approach each other in the cm. frame, 
a colour singlet bit of glue gets detached from one proton and is absorbed by the other. 



This we call Pomeron exchange. Now once in a while, as the two protons approach, colour 
singlet glue from each will be released and these bits may fuse to produce resonance states. 
These would be preferentially gluonic in nature. The state would decay into hadrons 
observed in the central region of rapidity, well separated from the on-going protons. Of 
course, not only the Pomeron with its vacuum quantum numbers need be exchanged, 
but other Reggeons can too, producing conventional hadrons. It has been understood for 
thirty years that the Pomeron contribution dominates at very small momentum transfers 
between the protons. This was the idea underlying the ISR experiment with the Axial 
Field Spectrometer and its Roman pots |3"5| . However, there only limited final states could 
be studied, like -k + tt~ . More recently, a whole series of experiments have been performed 
at CERN with the Omega spectrometer. With results from WA76, 91 and 102 on 
central production at 85, 300 and 450 GeV/c (in the lab. frame) with a wide range of final 
states, the systematics of these processes has become possible. An intriguing systematic 
relation has been noted by Close and Kirk 
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Figure 4: Apx dependence of central production of three typical hadronic final states 
in pp -> ppX from WA102 ||, |7|. 



First one defines the relative tranverse momentum between each pair of initial and 
final protons, i.e. Ap T = \ p T1 — p T2 |, Fig. 3. The data are binned, for each exclusive 
final state, into Ap T (a) < 200 MeV/c, (b) G (200, 500) MeV/c, and (c) > 500 MeV/c. As 
seen in Fig. 4, conventional qq states dominate at larger Apx- In the 7r + 7r~7r + 7r~ channel, 
the /i(1285) is beautifully seen with Apx > 500 MeV/c, less so at intermediate values 
and then essentially disappearing at small Ap?- A similar effect is observed with the p 
and ji in the 7r + n~ channel and with the f 2 in K + K~. In contrast, the 9/fj appears 
more prominently at small Ap?- Why this occurs is matter of conjecture. Nevertheless, 
Close and Kirk |J7| have shown that states, that are not obviously members of simple 
qq multiplets, are produced at smaller values of relative transverse momentum. This is 
a valuable way of enhancing the signal to background for such unusual states. Some day 
we may understand why this works. 



3 Bare states and dressed hadrons 

Now let us look at the spectrum of scalars and tensors that we have been discussing with 
an eye to their glueball candidacy. In Fig. 5 are shown the states in the PDG98 tables JTTfl . 
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Figure 5: Mass spectrum of the lightest scalars and tensors from the 1998 PDG 
tables. The bold lines indicate the glueball candidates. 



The lattice suggests that the bare scalar glueball is around 1600 MeV, and the tensor 
is near 2300 MeV. With this in mind, what is immediately apparent from Fig. 5 is that 
the tensor qq nonet is well separated from the £(2230), a possible glueball. In contrast, 
right among the many scalar states are the potentially gluish / (1500) and /o(1710). This 
inevitably means that the scalar glueball will mix with the nearby qq states. This gives a 
simple explanation of why the scalar glueball candidates have widths of 100 MeV or so, 
while the £(2230) may be only 20 MeV wide [2S|. Clearly, for the scalars we have to take 
mixing into account. Let me discuss two of the ways in which this has been done. 

The first based on non-relativistic perturbation theory is the simplest to understand. 
Amsler and Close |38| pick out the ten scalars shown in the simple mixing column in 
Fig. 6 and presume they are formed from a quark model nonet and a glueball. As usual, 
we denote the isoscalar uu, dd combination by nn and that with hidden strangeness by 
ss. If the unmixed glueball is between these two members of the nonet, then first order 
perturbation theory makes the /o(1500) largely gluonic and the Jo (1710) largely one with 
hidden strangeness and consequently have a large KK decay mode. In contrast, Lee and 
Weingarten |TR |TjJ place the unmixed glueball above both the nn and ss states. They 
then find the / (1710) to be largely gluonic and the / (1500) mainly ss. [Unfortunately, it 
is quite unclear, at least to me, why non-relativistic first order perturbation theory should 
apply to a bound state system of light quarks where by definition the interactions must 
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Figure 6: The spectrum of light scalars and how they are described in two possible 
mixing schemes : I from non-relativistic first order perturbation theory by Amsler 
and Close |38 ] , II from non-perturbative hadron dressing by Tornqvist ^ . 



be relativistic and strong.] As indicated in Fig. 6, this scheme leaves the / , ao(980) out 
in the cold, as extra states to be explained some other way |], H, H, |39| . 

A strong physics approach to this problem has been proposed by Tornqvist P0 |. The 



basic idea is that the quark model applies to non-interacting bound states — states that 
don't decay: bare states. Thus the bare p is a bound state of u and d quarks. The physical 
p decays to ttti. It does this by spending some of its time in this multiquark configuration. 
Such configurations dress simple bound states turning them into hadrons. In the case of 
the vectors and tensors, there is a very close connection between the underlying bare 
states of the quark model and the hadrons we observe. However, as has been emphasised 
by Tornqvist |4(| and by Bugg |41| , in particular, this is not the case for scalars. The 



dressed and bare states are quite different. 

To see why, we need to invoke a non-perturbative formalism for discussing this prob- 
lem. As an illustration consider the lightest vector meson multiplet. The nine underlying 
qq states are ideally mixed with a mass splitting induced by the strange quark being 
100-120 MeV heavier than the u and d quarks. Such bare states with a mass mo have 
propagators with denominators that are just — s. They have poles on the real axis 
in the complex s-plane. Such states have no decays — that's the first term on the right 
hand side of Fig. 7. One then turns on the interactions, in which the can couple to KK 
and the p to tcti, for instance. The effect of these interactions can be summed, as shown 
long ago by Dyson, to give the propagator illustrated in Fig. 7. 
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Figure 7: The bare bound state propagator is dressed by hadronic interactions. 
The dot signifies the dressed propagator. The loop is of qq mesons, predominantly 
pseudoscalars: the wiggly lines are to emphasise these too are bound states. 

This gives the inverse propagator of the dressed hadron. This has a form that is no 
longer simply — s, but is Ai(s) 2 — s — iAi(s) T(s). The pole is now in the complex 
plane, below the cut produced by each particle threshold. This pole now corresponds to 
a decaying particle. How far the pole moves depends on the strength of the interaction 
with the hadrons to which it couples, Fig. 7. The dominant intermediate states (the 
particles in the loops) are two pseudoscalars — this applies to scalars as well as vectors 
and tensors. For vectors, the strength of the interaction is fixed by the coupling of the p, 
for example, but being a P-wave interaction the discontinuity across the cut is suppressed 
by the usual threshold factors. Consequently, the resulting hadron is very close to the 
underlying quark model state. For instance, while the bare <fi is purely ss, the dressed 
hadron has a Fock space that is 

|0) = VT^\ss) + E]\KK) + e 2 \pn) + ... , 

where e 2 = e 2 + e 2 , + .... With t 2 <l, the physical is overwhelmingly an ss state, just 
like the bare one, and the switching on of interactions has produced a relatively small 
effect. Consequently, the simple quark picture works. 

However, the case for scalars is quite different. Whilst the same dressing pictorially 
applies, Fig. 7, its magnitude is far greater. The scalars couple 2 or 3 times more strongly 



to pseudoscalars. Moreover, their interactions are S'-wave, making the effect of the thresh- 
olds much more pronounced [f|l]]. Tornqvist has turned these words into a calculational 
scheme HO]. The underlying quark multiplet is assumed to be ideally mixed. Its mass is 
fixed by the requirement that the dressed strange states become the _K"q(1430) Jl9|. This 
fixes the position of the underlying bare multiplet. The undressed isotriplet nrt state is 
then at 1420 MeV. However, so strong is the hadronic dressing, that the state moves down 
to KK threshold and becomes the a (980). Indeed, while the bare |ao(1420))o = \nn), 
the dressed hadron this scheme predicts is: 

100(980))! = (0.2) 1/2 \nn) + (0.7) 1/2 |KZ> + (0.1) 1/2 |7rr/>, (2) 

remarkably like the ao(980) of the PDG fl9f . (The subscript '1' indicating that only two 
pseudoscalar interactions have been included in calculating the dressing in Fig. 7.) 

In a similar way, the isoscalars at 1420 MeV and its ss partner at 1620 MeV produce 
a broad /o(1200) and a narrower / (980). The latter, like the ao(980), has a large KK 
component, just as experiment requires. Thus, in the scalar sector the underlying quark 
model states and the hadrons we observe are not simply related. This scheme accounts for 
the nine lightest observed scalars as resulting from an underlying quark model nonet. It 
leaves the /o(1500), and possible /o(1370), a (1450) and /o(1710) to be explained (Fig. 6). 

Elena Boglione and I extended this Schwinger-Dyson approach to include a bare glue- 



ball ||42|| . As we have seen, the lattice delivers this at 1640 MeV or so. Indeed, the GF11 
group have calculated its coupling to two pseudoscalars, finding that naively this would 
correspond to a width of (108 ± 29) MeV []I2"| . Moreover, they find that the couplings 
to 7T7T, KK and 7777 are not those expected of an SU(3)f singlet, but rather the heavier 
pseudoscalars are favoured [^, [DJ. Such a state will mix through its common decay chan- 
nels with the qq scalars. Boglione and I found that this had little effect on the dressed qq 
scalars just discussed. However, while the glue state is moved downwards 20-30 MeV or so 
in mass, its width to pseudoscalars decreases dramatically — rjr] channel is still favoured, 
but the width to this is only ~ 20 MeV. Though this is not unlike the /o(1500) of Crystal 
Barrel, its total width is too small. This shows the importance of including multipion 
channels in such a calculation if one is to get out reliable (and realistic) predictions for 
states in the 1.5 GeV region. Steps in this direction have been made W\ El. 



4 Glueballs as seen by photons 

Resonance production in two photon reactions, as in e + e~ — > e + e~R (Fig. 8), is, in 
principle, a very clean way of learning about the structure of the hadron R. The photons 
couple to the electric charge of the constituents. Tensor states readily couple to two 
photons, so these are the easiest to consider. As seen from Fig. 8, the rate to two photons 
is given by 

T(2 ++ ->77) = a 2 (e 2 ) 2 H fl , (3) 

involving the square of the average constituent charge squared times the probability that 
the constituents annihilate, IIr. Assuming that this probability is similar for members of 
the same quark multiplet, one obtains the well-known relation that 

r(/ 2 - 77) : T(a 2 - 77) : T{f 2 - 77) = 25 : 9 : 2 , 



Figure 8: Two photon production of a qq resonance in e + e — > e + e X. 



for an ideally mixed multiplet. Experiment JT9| gives 25 : 10 ±2 : 1±0.2. The f2 radiative 



width is what sets the scale, so I should discuss how well we really know this. 

But before this we should note that a naked glueball would not be seen in two photon 
reactions. This is the motivation for stickiness that Chanowitz first introduced ||44|| . Since 
a glueball should appear strongly in J/ip radiative decay (Fig. 2), but very weakly in 77 
reactions (Fig. 8), he defines the quantity stickiness S for a generic hadron h by 

{ k 7 J r(fc-yy) ' 

where I is the lowest orbital angular momentum needed for state h to couple to two vectors. 
Simple glueballs should then have a large element of stickiness. With the normalisation 
C chosen so that S = 1 for the /2(1270), CLEOII |45| find, combining their 77 bound 
with the BES J/ip radiative decay rate [pSfl , that for the £(2230) stickiness is > 100, 
whilst here L3 at LEP K| deduce > 33. This would clearly suggest that the £(2230), if 



confirmed, is rich in glue. But one should be aware that even a pure qq state, like the 
/2(1525) has S = 15 ±4. The large value coming from the fact that its two photon decay 
rate is smaller than that of the ^2(1270), just because it contains strange as opposed to 
up quarks. Because the scalar glueball candidates mix with quark states, either directly 
or through their common hadronic decay modes, they will inevitably have two photon 
couplings comparable to those of qq mesons. 

To see what we expect for these and for the well known ^(1270), let us consider the 
experimental situation for 77 — > tttt. I first want to stress that though we have a clear 
signal for the ^(1270) in both the 7r + 7r~ and 7r 7r channels [17 , its two photon width 



cannot be reliably extracted without assumptions. This is because, in e + e~ colliders, 
77 data inevitably have limited angular coverage and decomposing the measured cross- 
sections into components with definite spins and helicities, is not straightforward. Only by 
assuming, for instance, that the cross-section at 1270 MeV is pure .D-wave with helicity 



two have results for the width been deduced |48|, |49|. What is really needed is a true 
Amplitude Analysis. By the use of key theoretical constraints, that only apply to such 
a special 77 process, can a partial wave separation be achieved. Because of the large 
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Figure 9: Integrated 1=0 77 — > tttt cross-section in its spin and helicity components 
(labelled by J\) as a function of energy (for the dip solution J5D| ). Notice the 
pronounced peak in the S-wave at threshold, produced by the Born amplitude, 
where it dominates the 7r + 7r - cross-section, and the dip corresponding to the / (980) 
resonance. 



1 = 2 S-wave component at low energies, produced by the Born amplitude, data on both 
the charged and neutral channels are crucial in accomplishing this. A new Amplitude 



Analysis has just been completed by Elena Boglione and myself [50] covering both the 



older experiments of Mark II at SLAC |49j and Crystal Ball at DESY ||48|| , to which are 

Present 



added results from CELLO |5T[ and from the extended Crystal Ball dataset p2| 
data allow two distinct solutions, one of which I will discuss here as an example. We find 
the integrated partial wave cross-sections in the isoscalar channel shown in Fig. 9 (for 
what we call the dip solution). While helicity 2 dominates the D-wave signal, the Dq 
component is far from negligible. Adding these gives T(/ 2 — ► 77) = (2.64 ± 0.34) keV, 
whether evaluated from the residue of the pole, or more simply from the "peak" height. 
For the /o(980), which appears in this solution as a dip structure, just as in nn 
and for the broad / (400 - 1200) we find 



7T7T, 



r(/ (980) - 77) 
r(/ (400- 1200)-*77) 



(0.32 ± 0.05) keV 
( 4.7 ±1.5 ) keV 



(4) 



For the "peak" solution, see Ref. f5(J for the analogous numbers. That solution gives 
r(/2 — ► 77) = (3.04 ± 0.38) keV. In the discussion below, where exact results are not 
required, I will take T(/ 2 — ► 77) — 2.8 keV as a guide. 

Now if the scalars formed a nonet that mirrored the tensors, Li et al. |x| have shown 
the simple 15/4 relation of the non-relativistic quark model has sizeable corrections giving 
the predictions of Table 1. To this have been added other estimates, for instance for a KK 
molecular state [[54]]. Notice the dependence of the predictions on the model of the make- 



up of the states. Though the 77 width does depend on the charges of the constituents as 





nn 


ss 


KK 


bare gg 


r(o++ -> 77 ) 


4.5 


0.4 


0.6 






Table 1: Two-photon partial widths in keV predicted for a conventional qq nonet 
of scalar states in the 1-1.3 GeV region, for a KK molecule and a bare glueball. 



in Eq. (3), it crucially depends on the probability that these constituents annihilate — in 
potential model language, it depends on the wave-function at the origin. So though the 
fourth power of the charge of the constituents is far greater for a KK molecule than for a 
simple ss bound state, the molecule is a much more diffuse system, so that the probability 
of annihilation to form photons is strongly suppressed [p^j . 

A bare glueball would not couple to photons (Table 1). Turning on quarks, unquench- 
ing in lattice-speak, brings a coupling to ordinary hadrons and the chance to appear in 
two photon processes. Exactly what the width should be depends critically on the mixing 
scheme and our ability to calculate from this. If a state is a mixture of a bound state of 
quarks and of hadronic dressing, like the a (980) of Eq. (2), how to proceed with such a 
calculation is not immediately obvious. This is a target for the near future. 

A similar dilemma arises for the mixed glue states. Close et al. [31| determine the 
ratio of the 77 width of the /o(1370), /o(1500) and /o(1710). Let us normalise this so 
that r(/o(1370) — > 77) is 4 keV (cf Eq. (4) and Table 1). Then in their mixing scheme, 
described in Sect. 3, where the / (1500) is largely gluish, they predict its 77 width to be 
~ 0.3 keV. While in the Lee-Weingarten scheme ||15|| , where the /o(1500) is predominantly 
ss, the width is only ~ 0.06 keV. In both cases, they expect r(/o(1710)) ~ 1 keV. 

The model-dependence of such predictions is dramatically illustrated by the recent 
calculations of Jaminon and van den Bosche |55| within a similar mixing scenario and 
of Burakovsky and Page J56"| . Jaminon et al. find (with their vacuum gluon condensate 
parameter X o = 250 MeV) that r(/ (1370) -> 77) ~ 3.1 keV, r(/ (1500) -> 77) ~ 
0.13 keV, r(/o(1710) — > 77) ~ 0.018 keV, quite different in magnitude from Close et 
al. Burakovsky and Page |56| also find large differences between mixing schemes 

with r(/ (1500) -> 77) ~ 0.7 keV, r(/ (1710) -> 77) ~ 7 keV in one case and 0.1 keV 
and 0.01 keV, respectively, in their second case, with r(/ (1370) — > 77) again 4 keV. 
From QCD sum-rules, Narison [|57j] predicts that even an unmixed scalar glueball at 1500 
MeV would have a radiative width of 0.2-1.8 keV, the larger value being not very sticky] 

There are thus two challenges : one theoretical, the other experimental. Since the 
underlying scalars, whether made of quarks or glue — the bare states — are so different 
from dressed hadrons, we must be able to compute these hadronic properties reliably, if 
we are going to make sense of experiment. ALEPH have presented an upper bound of 
0.17 keV on the two photon width of the /q(1500) p8| . To go further one must be able to 
study the 27r, 4n and KK final states in detail simultaneously, if we are to extract a true 
scalar signal from under the dominant spin 2 effects in this region : a demanding task, 
but one that is essential, if we are to uncover the dressed hadrons and so find the naked 
states beneath. Only then will we be certain about which are glueballs. 
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